Herein, high density polyethylene (HDPE) matrix was applied as the polymer matrix for its excellent overall performance and low price. In the study, antioxidants (0.5 phr) and ultraviolet absorber (1 phr) were added into the polymer matrix (100 phr) to investigate their influence on UV resistance, respectively. The macroscopic properties and microstructure changes of the samples were both investigated through the characterizations of Fourier transform infrared spectroscopy (FTIR), differential scanning calorimetry (DSC), mechanical properties and thermogravimetric analysis (TGA). This work also conceived the three methods of capturing free radicals generated by photoaging, decomposing peroxides generated by photoaging, and absorbing ultraviolet light to achieve anti-aging effects. The results showed that the UV absorber improves the UV resistance of the material better than the antioxidant. After irradiation for 600 h under the aging condition of 0.51 w/m 2 @λ = 340 nm, the samples added with UV absorber also still maintain their mechanical properties at a high level. For comparison, the samples added with antioxidants presents poor mechanical properties only after irradiation for 200 h. Besides, the crystallinity of HDPE and HDPE added with antioxidant significantly increased after irradiation, but the crystallinity of HDPE introduced with UV absorber presents slight changes before and after irradiation. Meanwhile, all the irradiated samples also maintained the original excellent Abstract: Let F denote a eld and let V denote a vector space over F with nite positive a pair A, A * of diagonalizable F-linear maps on V, each of which acts on an eigenbasis fo irreducible tridiagonal fashion. Such a pair is called a Leonard pair. We consider the se there exists an automorphism of the endomorphism algebra of V that swaps A and A * . Su is unique, and called the duality A ↔ A * . In the present paper we give a comprehensiv duality. In particular, we display an invertible F-linear map T on V such that the map X → A ↔ A * . We express T as a polynomial in A and A * . We describe how T acts on ags and 24 bases for V.
Introduction
Let F denote a eld and let V denote a vector space over F with nite positive dimen pair A, A * of diagonalizable F-linear maps on V, each of which acts on an eigenbasis fo irreducible tridiagonal fashion. Such a pair is called a Leonard pair (see [13, De nition 1 A, A * is said to be self-dual whenever there exists an automorphism of the endomorph swaps A and A * . In this case such an automorphism is unique, and called the duality A
The literature contains many examples of self-dual Leonard pairs. For instance (i) the ated with an irreducible module for the Terwilliger algebra of the hypercube (see [4, Coro Leonard pair of Krawtchouk type (see [10, De nition 6.1]); (iii) the Leonard pair associate module for the Terwilliger algebra of a distance-regular graph that has a spin model in th bra (see [1, Theorem] , [3, Theorems 4.1, 5.5]); (iv) an appropriately normalized totally b (see [11, Lemma 14.8] ); (v) the Leonard pair consisting of any two of a modular Leonard De nition 1.4]); (vi) the Leonard pair consisting of a pair of opposite generators for the bra, acting on an evaluation module (see [5, Proposition 9.2] ). The example (i) is a specia examples (iii), (iv) are special cases of (v).
Let A, A * denote a Leonard pair on V. We can determine whether A, A * is self-dual By [13, Lemma 1.3] each eigenspace of A, A * has dimension one. Let {θ i } d i= denote an o values of A. For ≤ i ≤ d let v i denote a θ i -eigenvector for A. The ordering {θ i } d i= is whenever A * acts on the basis {v i } d i= in an irreducible tridiagonal fashion. If the orderin then the ordering {θ d−i } d i= is also standard, and no further ordering is standard. Simila A * . Let {θ i } d i= denote a standard ordering of the eigenvalues of A. Then A, A * is self-dua is a standard ordering of the eigenvalues of A * (see [7, Proposition 8.7] ).
High density polyethylene (HDPE) exhibits excellent performance like low cost, dielectric and mechanical properties (1) (2) (3) (4) (5) . Therefore, HDPE has been used in many applications such as industry, agriculture, construction and daily necessities (6) (7) (8) (9) (10) . However, HDPE is easy to degradation and eventually aging phenomenon happens under the exposure of ultraviolet (UV) radiation, high temperature and contact with oxygen (11) . The aging phenomenon finally results in a terrible shortening of service life, as well as some serious environmental problems of recycled plastics (12, 13) . Therefore, it is of great importance to investigate the methods of antiultraviolet to extend their service life, which in turns effectively reduces energy consumption and protects the environment at the same time.
Two commercially functional particles, namely antioxidants and UV absorbers, have been widely applied to improve the UV aging resistance of HDPE. As the literature reported, antioxidants and UV absorbers both exhibit excellent influence on UV aging resistant performance (14) (15) (16) . Antioxidant terminates chain reactions by trapping free radicals or decreases chain reaction rate by decomposing peroxides, improving the anti-aging property of polymer. With regard to UV absorber, it reduces the source of the molecular chain reaction by absorbing a large amount of UV light, leading to the enhancement in anti-aging property of the polymer. It is well known that the UV aging of HDPE is also affected by any parameters including catalyst traces and additives (17, 18) . Recently, many researchers have been focusing on the application of antioxidants and UV absorbers for the anti-aging purpose. J. S. Park studied the effects of antioxidant on carbon black/polyethylene conductive composites (19) , meanwhile Y. Javadi studied the effect of UV absorber on the UV stability of HDPE (20) . Their research is worthy of recognition, but the effects of antioxidants and UV absorbers on HDPE have not been compared and further analyzed.
Since different kinds of antioxidants, as well as UV absorbers, actually present different efficiency in UV aging resistance, it is of great significance to investigate the UV aging resistance of different kinds of antioxidants and UV absorbers. Herein, two different kinds of antioxidants, like phenolic antioxidant and phospholipid antioxidant, were utilized to investigate their efficiency in UV aging resistance. Simultaneously, benzotriazole UV absorber and benzophenone UV absorber were also applied in this work. The anti-aging effect of antioxidants or UV absorbers on HDPE was investigated. Also, their UV aging resistant performance was compared, which provides reasonable reference for the outdoor application of HDPE. The UV aging resistance was characterized by the ultraviolet accelerated aging chamber, followed by the characterizations of mechanical properties, Fourier transform infrared spectroscopy (FTIR), different scanning calorimetry (DSC) and thermogravimetric analysis (TGA).
Experimental

Materials
High density polyethylene (HDPE4902, density 0.95 g/cm 3 , melting index at the temperature of 190°C and the load of 5 kg is 0.225 g/10 min) was provided by Yangzi Petrochemical Company Limited, China. Diphenylketone ultraviolet absorber (UV531, 2-hydroxy-4-n-octoxybenzophenone) was supplied by BASF, Germany. Benzotriazole ultraviolet absorber (UV326, 2-(3-tert-Butyl-2-hydroxy-5-methylphenyl)-5-chloro-2H-benzotriazole) was obtained by BASF, Germany. Blocked phenol antioxidant (Irganox1010, Pentaerythritol tetrakys 3-(3,5-ditert-butyl-4-hydroxyphenyl) propionate) was purchased from BASF, Germany. Phosphite antioxidant (Irgafos168, Tns-(2,4-ditert-butyl)-phosphite) was supplied by BASF, Germany.
Sample preparation and UV exposure
The samples were fabricated by utterly blending with ultraviolet absorbers and antioxidants using a two roll mixing mill (Shanghai Rubber Machinery Works, China). The compounds were compressed in the curing press to manufacture the sheets with the thickness of 1 mm. During the fabricating process, the temperature was 160°C with the pressure of 10 MPa for 15 min. After that, the compounds were put into another curing press for cooling modeling under the pressure of 10 MPa. All samples were cut into dumbbell and round sheets for testing and a vernier caliper was used to measure the thickness and width. The thin neck portion of the dumbbell sheet was measured 5 times at different locations, and then the average values were applied. The artificial accelerated UV irradiation was conducted in a Xenon lamp test chamber (Q-SUN1000, Q-Lab, USA), and the wavelength range (λ) is from 290 nm to 800 nm. The standard of irradiation followed the international standard (ISO 4892-2:2006). The irradiation intensity was set at 0.51 w/m 2 @λ = 340nm and the panel temperature was maintained at 65°C. The content of 0.5 phr of antioxidants (Irganox1010 or Irgafos168) were added into the polymer matrix, and the corresponding samples were named as PEA1010 and PEA168, respectively. Simultaneously, the content of 1 phr of UV absorbers (UV531 or UV326) was incorporated with the polymer matrix. The relative samples were named as PEU531 and PEU326, respectively.
Characterizations
Universal testing machine was used to evaluate the mechanical properties of different samples. According to GB/T1040-2006, the samples with thickness of 1 mm were cut into dumbbell test strips to test tensile properties at the temperature of 20°C, including tensile strength and elongation at break. During the measurement, the samples were vertically fixed on a universal testing machine (CMT 5254, Shenzhen SANS Testing Machine Company Limited, China) machine with a speed of 50 mm/min. For each sample, five measurements were conducted and the average value was applied as the final value.
FTIR analysis was conducted with the assistance of a FTIR spectrophotometer (Nicolet IS5, Thermo Fisher, USA). The spectra were collected in the range from 600 to 4000 cm -1 with a resolution of 4 cm -1 , in the reflection mode. For the fact that the chemical structures of materials easily change under the exposure of UV irradiation, carbonyl index (CI) was applied to evaluate the chemical structure changes for better understanding. CI is calculated according to the following equation:
where A 1731 is the absorbance area of carbonyl group which occurs in the irradiation process at 1731 cm -1 , and A 1461&1472 stands for the absorbance area of interval standard peak at 1461 and 1472 cm -1 . The internal standard peak was utilized to evaluate the variation of carbonyl in process, as a result of that the structure of methyl is unaltered during the irradiation. The thermal behaviors of samples were analyzed by DSC (DSC Q20, TA Company, USA). During the experiment, 10 mg of samples were used for testing. Then, the testing system was heated from 40°C to 160°C under a heating rate of 10°C/min to erase the heat history. After that, the samples were cooled to 40°C at a speed of 5°C/min. Eventually, the samples were heated to 160°C through a heating speed of 10°C/min to obtain the melting curve. The whole process was carried out in dry nitrogen atmosphere, and the flow is 50 mL/min. The crystallinity (X c ) can be measured by the following equation:
where ΔH m is the melting enthalpy of the test in the process, and ΔH * m = 277.1 J/g is the melting enthalpy of HDPE of 100% crystallinity (21) .
A thermogravimetric instrument (Q20, TA instruments, America, USA) was used to measure the loss weight of the samples. The sample for each test was about 10 mg and the test was under the atmosphere of pure nitrogen (the flow was 40 mL/min and lasted for 60 min). Subsequently, the heating rate was 20°C/min from 40°C to 700°C.
The main use of optical microscope (NP-800TRF, Nanjing Jiangnan Novel Optics Co., Ltd. China) in this study was to analyze the morphology of the surface before and after aging of the samples. Figure 1 shows the mechanical properties of the samples. Each sample was tested 5 times at different aging time points. The average values were used as the final results, and the corresponding standard deviation was also included. Without UV irradiation, PEA performs higher value of the tensile strength than HDPE, and PEU as well.
Results and discussion
Mechanical properties
The increased values can be ascribed to the fact that antioxidants effectively interrupt the break of molecular chains, which results from the melting method during the manufacturing process. With the increasing time of UV irradiation, a sharp decrease can be observed with regard to the tensile strength of neat HDPE and PEA. After UV irradiation for 400h, the tensile strength of neat HDPE reduces from 26 time increases, where the values declines to the value lower than 50% with UV irradiation time up to 200 h. Simultaneously, elongation at break decreases to nearly 0% with the UV irradiation time of 400 h. As observed, the mechanical properties of HDPE, PEA1010 and PEA168 decreased greatly after irradiated for 400 h. The sample was too brittle and easily break, losing their values. Thus, further irradiation time up to 400 h is not required. However, elongation at break of PEU still maintains the value higher than 700% after irradiating for 600 h, yet it sharply reduced after being irradiated for 800 h. Though the elongation at break of PEU largely decreases with the UV irradiation up to 800 h, it performs much better antiaging features than neat HDPE and PEA under the same UV irradiation time.
Based on mechanical analysis, antioxidants play little effect on the enhancement in the UV resistance of matrix, while UV absorbers present a significant improvement in the relative UV resistance property. The difference is attributed to thoroughly different mechanism effect of UV resistance, and the related mechanism is further discussed based on FTIR analysis.
FTIR analysis
Infrared spectrometry is a useful tool for studying the degradation of polymers (22, 23) . Figure 2 shows the evolution of the infrared spectra of samples with different UV irradiation time. The absorptions at 2914 cm -1 and 2846 cm -1 are assigned to the asymmetrical and symmetrical stretching vibration of C-H bond of -CH 2groups, respectively. The peak appearing at 1472 cm -1 is ascribed to the scissoring vibration of -CH 2 -groups, while the asymmetric bending vibration of -CH 3 groups is observed at 1461 cm -1 . The peaks occurring at 730 cm -1 and 718 cm -1 are associated with the inner rocking vibration of -CH 2 -in the crystalline part and inner rocking vibration of -CH 2 -in the amorphous part respectively. The peak of ester carbonyl stretching vibration closes to that of carbonyl groups. Simultaneously, the peaks at 1264 cm -1 and 1187 cm -1 are the vibration of C-O bonds. The carbonyl stretching vibration appears at 1731 cm -1 . Since the peak area of the carbonyl groups largely changes with the increasing irradiation time, the evolution of absorption intensity of the carbonyl groups is chosen to study the degradation of the samples for the obvious changes.
The carbonyl index is applied to conduct the further FTIR analysis, which is defined as the ratio of the peak area at 1731 cm -1 to that of the interval standard peak at 1461 and 1472 cm -1 . Figure 3 demonstrates the changes of the CI values as a function of the irradiation time for the samples until the embrittlement of the samples hinders the achievement of reliable FTIR spectra. It can be seen from Figure 3 that unirradiated samples exhibit a small amount of carbonyl groups, which may be ascribe to the heat, oxygen and mechanical forces of the polyethylene during processing. Clearly, the CI of neat HDPE and PEA1010 sharply increases with the irradiation time of 200 h, implying easy oxidation of HDPE and PEA1010. After UV irradiation for 400 h, the CI shows a slight decline. With regard to the PEA168, applying Irgafos168 as antioxidant, the CI exhibits a value of 0.192 after being irradiated for 200 h. This indicates that Irganox168 inhibits carbonyl production. The CI of PEA168 continues to rise slowly until irradiation for 400 h. Besides, the CI of PEU series become higher as the aging time increases until UV irradiation time up to 400 h. However, after irradiation for 600 h, a slight decline appears in the CI of PEU series. Similar results had been reported, carbonyl groups formed and were consumed to form macromolecular radicals that further combine to form new double bonds during the UV irradiation process of polyolefins (24) . During the UV irradiation, the crosslinking structures are produced, which is the reason for the fact that the CI of HDPE, PEA1010, PEU531 and PEU326 decreases (25, 26) . The carbonyl group is interrupted by high-energy ultraviolet light to form free radicals during the degradation process, and the molecular chains with free radicals react with each other to form a new crosslinking structure. After UV irradiation for 600 h, the CI enhances with the increase of UV irradiation time. This indicates that photo-oxidative aging and cross-linking between molecular chains are a pair of competitive reactions in the UV aging process.
Molecular chain cleavage and ester group formation happen in the neat HDPE resin after prolonged aging. The photo-oxidative degradation of polymer chains is initiated by UV light. The amount of UV light absorbed by the matrix exhibits an important factor affecting photo-oxidative degradation. The more UV light is absorbed by the matrix, the more free radicals can be produced. In the initial stage, the hydrogen atoms in the macromolecular chain are taken away to form alkyl radicals. Then, the unsaturated carbon-hydrogen bonds are initiated in the photo-oxidative process to produce alkyl hydroperoxides, and this became the main process for photo-oxidative degradation. Specially, alkyl hydroperoxide radicals are the key point to the formation of ester carbonyl groups, but in turns the appearance of carbonyl groups further accelerates the aging degradation of HDPE (26) . Phenolic antioxidant has active hydrogen atoms (O-H) in molecules, and this kind of hydrogen atoms is more active than that of the carbon chains (including double bonds). They can be separated to combine with the macromolecule radicals like R· and R-O-O· to form hydrogen peroxide and stable phenoxy radical (ArO·). Due to the increase of phenoxy radicals' adjacent substituent and branch, more space blocking effect can be obtained. In this case, phenoxy radicals are under the protection of bigger groups, which therefore improves their stability. In addition, phenoxy radicals and benzene rings are both in the same conjugated system. Hence, the phenoxy radicals are stable with lower activity and cannot trigger chain reaction. One phenoxy only combines with one active radical and suspends it. Then, the stable compound with end of chain reactions can be obtained. The stability of phenoxy radicals can both avoid quick consumption of antioxidants. Subsequently, less chain transfer reactions occur, leading to the improvement in oxidation resistance.
Phosphate antioxidant decomposes macromolecule hydrogen peroxide ROOH and turns it into stable compounds to resist chain reactions. The antioxidant 1010 is a radical scavenger, which can be selectively and quickly consumed by the large amount of alkyl radicals, and low-effectively reduce the formation of ester carbonyl groups. Antioxidant 168 could decompose the macromolecular hydrogen peroxide, which can effectively reduce the formation of the ester carbonyl groups. But it cannot prevent the generation of a large number of alkyl radicals, and the improvement of the UV resistance is also limited. However, with the addition of the UV absorber, it is a kind of compound that could strongly and selectively absorb ultraviolet light, and it efficiently transforms light into heat energy by its molecular structure. Subsequently, the absorbed energy is emitted through heat energy and low-energy radiation, and therefore preventing oxidation of the samples. Since most of the ultraviolet light is absorbed and only a small amount of ultraviolet light enters the matrix, there was almost no breakage of the molecular chains even after UV irradiation for 400 h. Also, only a small amount of ester groups can be formed, which greatly improves the UV resistance of the matrix. 
DSC analysis
The DSC was used to evaluate melting and crystallization behavior. As shown in Figure 4a , the first melting trace of each sample was obtained in this work. All DSC scans were normalized by the mass of the sample, which means that the area of the endothermic peak in the curve could roughly determines the degree of crystallinity. Only one endothermic peak can be observed in each spectrum. Higher melting peaks of HDPE and PEA1010 after UV irradiation are achieved than those peaks without irradiation, which indicates the higher absorbed enthalpy. This means that HDPE and PEA1010 exhibit higher crystallinity after UV irradiation. As can be seen from Figure 4c , the crystallinity of HDPE increases from 64.2% to 74.9%, and that of PEA1010 increases from 62.2% to 74.5%. Also, significant enhancement in the crystallinity of PEA168 is also obtained. However, there is no significant difference in the melting curves of PEU531 and PEU326 before and after UV irradiation, where only slightly increased crystallinity is observed. UV absorbers act as efficient barriers to prevent molecular chains from UV irradiation, and molecular chains remain their original state instead of moving around into crystal lattice. Therefore, slightly increased changes can be observed as to the samples added with UV absorber. In contrast, broken molecular chains of HDPE, PEA1010 and PEA168 occur during UV irradiation, and then the molecular chain easily moves for the lower inter-molecular entanglement. As a result, the molecular chain is easily discharged into the crystal lattice, and the crystallinity will be higher. On the other hand, the aging condition of a constant temperature of 65°C also gives a reasonable cause to the largely increased crystallinity because eventually the aging process is equivalent to a long anneal process. The movement of molecular chains leads to the increased crystallization.
The second melting curves of each sample are demonstrated in Figure 4b and the crystallinity is shown in Figure 4d . The melting point of HDPE and PEA1010 clearly shifted to the low temperature, while no changes can be observed in the melting points of PEA168, PEU531 and PEU326. After the heat history is eliminated, the generation of polar groups causes the improvement in the melting point of the matrix, yet the decrease in molecular weight resulting from molecular chain cleavage causes the reduction in the melting point of the matrix. Since the produced carbonyl groups during UV irradiation were relatively few, their effect on the melting point can be ignored. However, the degree of molecular chain breakage of HDPE and PEA1010 maintains a high level, which consequently leads to the fact that the melting point is slightly decreased. With regard to PEA168, the degree of molecular chain breakage is alleviated for the decomposition of the macromolecular hydrogen peroxide. Meanwhile, the PEU series exhibit almost no molecular chain breaks for the presence of UV absorbers. Therefore, their melting points are almost unchanged. It can be seen from Figures 4c and 4d that the crystallinity of the second heating curve of all unirradiated samples is higher than that obtained from the first heating curves. After irradiation for 400 h, the crystallinity of HDPE, PEA1010 and PEA168 irradiation for 400 h are 69.2%, 69.4% and 65.8%, respectively. The obtained crystallinity of the three samples decrease by 5.7%, 5.1% and 1.8%, respectively, comparing with their first heating curve. On the contrary, the crystallinity of PEU is slightly higher than that of its first heating curve after irradiation for 400 h. This is caused by the fact that the DSC system first heats up and then cools down to eliminate the thermal history, and eventually more time is allowed for the molecular chains with to circulate into the crystal lattice. At the same time, the effect of long-time annealing on the sample is also eliminated. Therefore, the crystallinity of HDPE, PEA1010 and PEA168 after irradiation for 400 h is lower than those of their heating curves without irradiation.
Since PEU531 and PEU326 have fewer molecular chain breaks, and as a result long-term annealing has little effect on them. Therefore, the crystallinity is slightly increased in comparison with the first heating curve after eliminating the history. Besides, at the second heating, the crystallinity of PEU531 and PEU326 before and after irradiation is almost unchanged.
The melted HDPE molecular chain is an amorphous random coiling macromolecule. Samples with good UV resistance, as well as unirradiated samples, have large molecular weight and long molecular chain length. However, samples with poor UV resistance and irradiated samples exhibit a small molecular weight and a short molecular chain for molecular chain breakage. Therefore, it is reasonable that the crystallization time of the same material largely differs from each other because of the difference in molecular chain length. As can be seen from the Scheme 1, the short molecular chains have been crystallized in a certain period of time under ideal conditions. The short molecular chain has a low degree of entanglement, is easy to discharge into the crystal lattice and takes a short time. During the cooling process, the long molecular chain is discharged into the crystal lattice at a slower rate than the short molecular chain due to the high degree of molecular chain entanglement and steric hindrance. Table 1 is the results calculated by crystallinity curves of all samples before and after UV irradiation. The half crystallization time (t 1/2 ), suggesting the time of half crystallinity, well reflects the crystallinity rate of Scheme 1: Schematic mechanism of crystallization rate. the sample. The t 1/2 is calculated from the crystallinity starting temperature and the temperature at which the crystallinity is 50%. The t 1/2 value of unirradiated HDPE is 28.8 s, while it decreases to a value of 15.6 s after UV irradiation for 400 h. This indicates that photo-oxidative degradation of HDPE has occurred, and the crystallinity is increased. Because of the presence of the molecular chain breakage, the short molecular chain is more likely to be discharged into the crystal lattice. The t 1/2 value of unirradiated PEA1010 is significantly increased to 36.0 s, indicating that the antioxidant 1010 hindered crystallinity of the polymer and lowered the crystallization rate. The antioxidant 1010 is consumed after UV irradiation for 400 h, and the molecular chain fragmentation also increases the crystallization rate. The t 1/2 of PEA168, PEU531, PEU326 after UV irradiation is higher than those values before UV irradiation because of the formation of polar groups such as carbonyl. The existence of the polar groups destroys the regularity of HDPE matrix and produces steric hindrance effect, consequently making the molecule chains cannot be easily discharged into the crystal lattice.
TGA analysis
The thermal behavior of all samples was investigated by TGA under nitrogen atmospheres. The relative results of TGA test is illustrated in Figure 5 , which shows the Figure 6 shows the change in surface topography of all samples. The micrographs show that the nonaged samples are smooth, without any cracks. There are many spots on the surface of PEA168 and PEU326 that are evenly distributed, which are formed by the migration of Irgafos168 and UV326 to the surface of sample, respectively. Since the antioxidant is quickly consumed, the spots on the surface of PEA168 disappear after irradiation for 200 h. The spots on the surface of the sample become finer and more evenly dispersed after irradiation for 200 h. As the aging time increases, the UV326 continues to migrate towards the surface of the sample. With the aging time of 400 h, yellow crystals are observed to precipitate on the surface of the PEU326. After irradiated for 400 h, it is found that the surfaces of PEA1010 and PEA168 present obvious microcracks like HDPE, but no obvious microcracks are observed on the surface of PEU531 and PEU326. Hence, UV absorbers perform better UV-resistance than antioxidant, which is in line with the FTIR and DSC analysis mentioned above. Scheme 2 illustrates the UV resistance mechanism of the samples. As shown in the figure, the samples are all placed on the panel in the chamber, where the environment temperature maintains at 65°C, and the ultraviolet is simulated with a xenon lamp to accelerate the aging process of the samples. Due to the addition of the UV absorber, the appearance of the PEU series is pale yellow. Although all the ultraviolet irradiates the matrix, the UV irradiation is largely absorbed by the UV absorbers, which preventing the damage to the matrix. However, as to other samples without the addition of UV absorbers, the UV irradiation directly enters the matrix. Under the continuous irradiation of UV light, the molecular chains of HDPE start to break from the amorphous region. After a long period of irradiation, the crystal region is also gradually broken. During the continuous irradiation process, the crystallinity significantly increases for the recrystallization of shorter molecular chains, but the results of the elongation at break and tensile strength decrease. The degradation mechanism of PEA1010 is similar to HDPE. Irganox1010 is quickly consumed by a large amount of free radicals. Since the UV resistance of the matrix material cannot be enhanced, the crystallinity in turns significantly increases. For the increase in crystallinity, the elongation at break is significantly reduced, and the tensile strength is also declined. The Irgafos168 can decompose to form the carbonyl alkyl hydroperoxide, so that the degradation rate slows down. Also, the molecular chain breakage degree is significantly reduced, and the crystallinity is slightly increased. Consequently, the elongation at break decreased, but the tensile strength is not greatly declined. Since almost no molecular chains break and no change is observed in crystallization, both PEU531 and PEU326 display excellent UV resistance.
Surface topography
Conclusions
In this study, antioxidant and UV absorber were applied to investigated their anti-aging performance based on the polymer matrix. Considering the UV-resistant mechanism, UV absorbers definitely exhibits much better UV resistance. The UV absorber efficiently absorbs UV light and reduces the generation of carbonyl groups. The addition of UV absorber can lead to the HDPE hardly undergo photo-oxidative degradation during irradiation, and the crystallinity was almost unchanged during the total UV irradiation process. However, the crystallization rate of the easy-aged samples was increased, as well as the crystallization, because short molecular chains were more likely to be discharged into the crystal lattices. The samples added with UV absorber also still maintain their mechanical properties at a high level even after irradiation for 600 h. Yet the tensile properties of the materials added with antioxidant significantly decreased after irradiation for only 200 h, where the elongation at break decreased to almost 0% as the corresponding samples was irradiated for 200 h. In summary, antioxidant performs slight improvement in the aging resistance of the HDPE, while the UV absorber exhibits excellent effect on the UV resistance of the material. Though excellent aging resistance for 600 h is obtained in this study, better weatherability is desirable through further research.
